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Abstract: 
A mass of studies about windmill turbine blades have been addressed in the recent 
few decades. This report focus on the development of using bamboo composite 
materials for producing windmill turbine blades related to the life cycle assessment 
with sustainable perspective. So we made the problem formulation like this: How can 
bamboo fibers be used in the design and production of wind mill blades and how 
would it influence the impact of wind mill blades in a lifecycle perspective? In order 
to answer this question, we made a research about the properties of bamboo material 
and made a LCA to compare the performance between bamboo turbine blades and 
glass fiber turbine blades with sustainable perspective. The result concluded that 
bamboo material fulfilled the requirement of constructing a turbine blade and has a 
high performance associated with sustainable development. 
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Introduction 
Why do we need to keep researching the new technology and new energy resources? 
This is an obvious but essential question for us. Over the courses of the past on 
hundred years the industry development is far away beyond our expectation. With the 
trend of high speed economy growth the age of industry shifted into another gear. 
Quickly it became possible for people to make global business trade more 
conveniently and effectually to destinations near and far, and the figurative world 
moved closer together. However, as societal reliance and global economic dependence 
have growth together with industries, many significant problems have surfaced. The 
continued use of petroleum, coal and natural gas and scarcity those non-renewable 
resources have become the greatest problem for whole world. Therefore, to develop 
and use the new energy resource instead of the traditional resource is extremely 
necessary and essential. Till now, wind energy is the most mature technology rather 
than other new energy power generation. In addition, wind energy has a rather big 
potential development both in fundamental condition and in commercial development. 
“The international wind energy market showed a new record in 2003 with a growth 
rate of 15%. Globally, a total power of 8.3 GW was installed. The total installed wind 
energy power has now reached more than 40 GW, and the average growth in the 
market during the past five years has been 26% per year. These figures were reported 
in the annual report on the status for wind energy in March 2004 from the consulting 
company BTM”1  
By running back over of wind energy development, wind turbine blades as a part of 
windmill which is one of the most important discreteness has been redesigned and 
developed for many years. Until now, the development of wind turbine blades are still 
moving on and the layout of turbine blades have almost been agreed by the counties 
which could generate and apply wind energy – sandwich layout.  
“ Modern wind turbine blades are high performance and hybrid material structures 
that are being manufactured using polymer matrix composite materials(PMC), in a 
combination of monolithic(single skin) and sandwich composites. Present day designs 
are mainly based on glass fiber-reinforced composites (GFRP)” 2.  
So far, the glass-fiber seems a rather mature and applicable material for generate 
turbine blades, however, according to Karl Larsen’s research of glass fiber application 
which indicated that the end of life of glass fiber cannot reach a completely 
sustainable level3 which means it still has some potential space to develop or it might 
                                                             
1
 Povl Brøndsted 2005 
2
 Ole Thybo Thomsen, 2009 
3
 Karl Larsen 2009 
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be replaced by other materials for improvement. At present, the glass-fiber is one of 
the mainly raw materials for producing turbine blades, considering into the 
environmental impacts, this kind of fiber might have some kind of problems during 
the producing process, and it also might have some kind of lacks or weakness itself.  
 
The previous paragraph we have mentioned that it might be a kind of new material 
could have the some properties as glass fiber, but much more sustainable than glass 
fiber; by following this clue then finally we found out that bamboo as a potential 
material is for producing wind turbine blades which had been presented at Global 
Wind Power 2008 Beijing. In fact, bamboo is one kind of renewable material with its 
special properties: growing fast, it is one of the fastest growing plants on the earth, it 
only require 5 years to grow as a mature plant; the property is strongly strength with 
good toughness, So, in this case, it is really interesting to know about how to deal 
with this renewable material in wind energy and the how much potential that we can 
take-up from this new material. The most controversial points are the comparison 
between bamboo and glass-fiber by using Life Cycle Assessment (LCA) and what’s 
kind of sustainable perspective of bamboo wind turbine blades will be going through. 
Motivation 
At the beginning of this semester, our group decides to focus on local problems 
related to the implementation of wind energy, however, wind power seems like a 
pretty green resource, it is very difficult to find some real problem which caused by 
wind power. After that, there was an article about new material of bamboo for making 
windmill blade which is turning on our interest. Because of this is a new kind of 
technology which has the great potential of instead of traditional windmill turbine 
technology and also with many good properties; it is renewable and more sustainable. 
So, that we decide to make a further research on this topic. 
Target group 
Our study research is a good practice with using life cycle analysis (LCA) for 
analyzing the bamboo wind turbine blades’ life cycle. Firstly, it is for students and 
researchers who are interested in bamboo properties and willing to make a further 
research on the development of using bamboo fiber instead of glass fiber. And then 
for those common people and researchers who are interested in life cycle analysis 
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could use as an example, hopefully, maybe, it could give a help for finding out the 
answers in this studies. 
For our studies, the most relevant target group should be governmental department, 
decision-makers, specific wind turbine companies and members of city councils in 
developing and developed countries who are considering using bamboo materials into 
the program. We hope our project would provide the helpful information and 
suggestion. 
Problem field 
As we know, wind energy has become one of the most important renewable energy as 
the same as solar energy, hydropower and so on. The development of wind turbine has 
gone through with the great progress, until now, the energy use from the wind turbine 
is going to be mainstream in global energy consumption. In our case, we want to 
focus on the wind turbine blades. At present, the price of wind turbine blades is still a 
barrier of wind turbine development. Because the cost of each one wind turbine blade 
is really a pressure, that is why there are still a lot of people doing researches of wind 
turbine blades development, they are trying to improve the quality of wind turbine 
blades, in the meantime, also trying to find out the better raw material for the prices 
going down. 
There are a lot of material for making wind turbine blades, just like metal, glass, 
carbon and plastic. Different materials have the different properties; they are suitable 
for the different types of wind turbine. The point is the how we deal with all these 
types of wind turbine blades, is that possible to recycle the materials? Or are there any 
impacts to use these materials in environmental aspect? All these aspects should be 
considered if it is possible. 
Nowadays, Bamboo is promising that will be the one of the materials for making 
wind turbine blades; It has unique mechanical properties which can make it a very 
competitive alternative in the design and construction of wind mill blades. For this 
reason, we need to use life cycle analysis (LCA) to show the properties to the people 
with a great perspective. Considering the background of presented, we will start to 
understand the properties of bamboo, and then to find out the factors of bamboo 
which could be discussed in Life cycle analysis. Based on the above premise, we will 
focus on all the elements which are going to influence the development of wind 
turbine blades and try to achieve our goals we present the following problem 
formulation.  
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Problem formulation 
How can bamboo fibers be used in the design and production of wind mill blades 
and how would it influence the impact of wind turbine blades in a lifecycle 
perspective? 
In order to answer this big problem, we have to understand some basic information in 
advance, so that we made a series of sub-questions as following:  
 What is the structure of a turbine blade which be applied recently? 
 What are the basic requirements of materials’ properties for making a 
turbine blade? 
 How does bamboo fiber reach those requirements?  
 What is the result of the comparison between bamboo fiber and glass fiber 
on properties? 
 What is the result of the comparison between bamboo fiber and glass fiber 
on a life cycle assessment? 
 How are the benefits and deficiencies of bamboo fiber through a 
sustainability development analysis? 
Based on our chapter one, it will come out a completely explanation about bamboo 
and bamboo fiber. It is important to understand bamboo properties in advance so that 
we can continue discuss about the layout of turbine blade in both bamboo fiber and 
glass fiber. After that, in our case part, it will present a qualitative LCA of bamboo 
fiber in order to compare with glass fiber within a sustainability development 
discussion. Of course we are not trying to rise up the price of bamboo, but we believe 
that bamboo has certain properties which are better than glass fiber in the 
environmental perspective.  
Methodology: 
In order to answer the problem formulation associated with the development of using 
bamboo as the material for producing windmill turbine blade, the first step is very 
essential to make some research about the advantages and disadvantages of bamboo 
for producing windmill turbine blade. By understanding the bamboo properties then 
the next step is to understand the life cycle of bamboo windmill turbine blade. It is 
very necessary to make a life cycle analysis of bamboo as the material for producing 
windmill turbine blade which includes the whole life time of the bamboo from raw 
material, combination of different materials, final production, application to the 
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windmill, end of life till disposal at last. This study is based on the life cycle analysis 
(LCA), and all of the four different phases will be analyzed step by step which are 
goal and scope, inventory analysis, impact assessment and interpretation. The main 
point to use LCA is to define the life cycle of bamboo and find out if there are impacts 
or influences from producing windmill turbine blade with bamboo as material.  
After analyzing the life cycle of windmill turbine blade with bamboo as material, we 
will use the sustainable perspective to analyze if the bamboo windmill turbine blade 
can be developed as long and as well as the traditional windmill turbine blade. 
Nowadays, sustainable development becomes an important issue all over the world. It 
is necessary to analyze or develop a new production with the sustainable perspective. 
Normally, there are three aspects are involved in the sustainable development which 
are environment, society and economic. A sustainable developmental production must 
be concern about all of these three aspects. If one of them is missed, it will not be 
considered as a sustainable developmental production. In this report, bamboo 
windmill turbine blade as a new production will be analyzed with the sustainable 
perspective which means that all of the three aspects will be considered associated 
with the development of implement the windmill turbine blade with bamboo as raw 
material.  
Otherwise, in order to make a comparison between bamboo fiber and glass fiber, it is 
also necessary to make a research about the bamboo fiber and the comparison 
between bamboo fiber and glass fiber. The aim is to conclude whether or not bamboo 
windmill turbine blade can be a sustainable developmental production.  
The next move will be the presentation of the empirical work. We made an interview 
to Risø DTU who gave us amount of useful data and suggestions. “Risø DTU 
contributes to research, development and international exploitation of sustainable 
energy technologies and strengthens economic development in Denmark”. 4 
Furthermore, there are 115 employees are working on the wind energy with different 
aspects. “Risø develops wind energy through research into key areas such as 
meteorology, wind turbine technology and power system integration. In addition they 
are involved in test and measurements, standards and certification as well as 
international projects. The research takes place in cooperation with the wind turbine 
industry.”5 From this interview, we know more about the history of the development 
of wind energy in Denmark, and had a global view of the windmill development. 
Otherwise, some basic knowledge about windmill was involved in the interview. The 
participants of the interviews were as follows: 
Peter Hjuler Jensen: Deputy Head of division and Wind energy division of National 
laboratory for sustainable energy of Risø DTU.  
                                                             
4
 All the information is gained from Risø DTU website:http://www.risoe.dk/About_risoe.aspx  
5
 All the information is gained from Risø DTUwebsite:http://www.risoe.dk/Research/sustainable_energy.aspx 
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Povl Brøndsted: Materials Research Division Risø National Laboratory for 
Sustainable Energy Technical University of Denmark Roskilde. (Risø DTU) 
The interviews supplied most sources of references for data of analysis and discussion. 
The interview from Peter Hjuler Jensen, we had some basic knowledge about 
Denmark wind turbine history and also he introduced Povl Brøndsted to us. The most 
bamboo data materials are contributed by Povl Brøndsted, according to the interview 
with him, we had known the structure of current structure of wind turbine and the 
relevant information about bamboo fiber. Otherwise, the important sources of 
references could be the literature from our supervisors, main course and subject area 
course. The literature supplied us about the theories of LCA. Also some information 
collected from internet will be used in this report.  
We also had a plan which is to have few interviews with some companies that is 
famous for applying wind energy, such as world biggest wind Energy Company – 
Vastas, Danish second big wind energy company - Dong Energy and a Chinese 
company which is researching on bamboo turbine blade. However, they were too busy 
to welcome us and some even did not make a reply. We feel very sorry for that, and 
we hope we could have some chance to have a visit study there in the future.  
The design structure of our project is based on the methodology we have mentioned 
previously, and it shall appear in the following:  
Chapter one: Bamboo material introduction: 
 Bamboo material used for traditional industry production. 
 Relate the bamboo material with windmill turbine blades 
 The advantages of using bamboo fiber 
Theory part  
 Sustainability theory 
 Life cycle assessment  
CASE STUDY: LCA on Bamboo fiber and compare with glass fiber 
 First part 
Make qualitative LCA on bamboo materials and find out the impacts 
 Second part  
Use sustainability development theory to analyze the effects by using bamboo 
fiber in China.  
Discussion & Conclusion  
Further discuss about bamboo fiber advantages and disadvantages.  
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Chapter 1: Bamboo 
Introduction 
In this chapter, we are going to introduced something about bamboo, the distribution 
of bamboo is very wildly; it is mainly distributed in South America, middle of Africa 
and Asia. It is easy to differentiate from the map that already showed below: 
 
Figure 1.1: This figure indicates the location covered by bamboo material. 6 
Bamboo is going to be used in a lot of ways as composite material. “It is the common 
term applied to a broad group (1250 species) of large woody grasses, ranging from 
10cm to 40m in height. Already in everyday use by about 2.5 billion people, mostly for 
fiber and food within Asia, bamboo may have potential as a bio-energy of fiber crop 
for niche markets7”. As the useful material, bamboo should be wild used and to let 
more people know, also the potential abilities of bamboo should be considered and 
investigated; accordingly our project is going to show up the new dimensions of 
bamboo that many even didn’t know about it, which could prove that bamboo use 
could be improved.  
                                                             
6
 Povl Brøndsted 2009 
7
 J.M.O. Scurlock, 2000 
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Bamboo 
“Bamboo is the vernacular or common term for members of a particular taxonomic 
group of large woody grasses8, in other words, Bamboo is a natural fiber-reinforced 
composite material, in which cellulosic fibers are embedded in a lignin matrix.9” 
Speaking of bamboo, it can be traced back a long time ago: since the New Stone Age 
about 6,000 years ago, the use of bamboo has formed the earliest ties with Chinese 
characters, during the time between the warring States Period (475-221 BC) and the 
Jin Dynasty (265-420 AD), “bamboo strips” had been wrote by Chinese, after that, 
there was another milestone: in the Han Dynasty (206 BC- 220AD), papermaking was 
invented, people started to use young bamboo to make paper which is wrote with 
brushes10. Until now, bamboo is still used as one of the important raw materials in 
papermaking. In the old times, bamboo was limited in the production of a number of 
small craft and papermaking. But, bamboo was still developing by the time flowing, 
more and more people are going to recognize and accept it that is a new starting point 
with in-depth study on bamboo which could be the benefit of mankind as a renewable 
material.  
“In China, it has about 300 species which is occupying 33,000 sq.km; it is only 3% of 
the total forest area”11. From the current trend, the consumption of bamboo is going 
to be increased; the increase in planting bamboo might become a point which is going 
to be considered by a lot people. In other words, it also is a chance to get a job for 
many people by planting bamboo.  
Bamboo’s application
12
 
Daily products: Bamboo has traditionally been used for making furniture and daily 
products such as beds, pillows, tables, benches, chairs, baskets, mats, chopsticks, 
spoons, fans, and umbrellas, etc. 
                                                             
8
 J.M.O. Scurlock, 2000 
9
 Navin Chand, 2007 
10
 Povl Brøndsted 2009 
11
 J.M.O. Scurlock, 2000 
12
 All the information of bamboo’s application is gained from Povl Brøndsted 2009 
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Figure 1.2 
Bamboo bike 
 
Figure 1.3 
Bamboo art and music 
 
Figure 1.4 
Bamboo house: full structural application of bamboo based panels 
 
Figure 1.5 
Bamboo floor: Good strength, toughness, abrasion resistance, beautiful 
appearance 
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Figure 1.6 
 
Discussion of bamboo fiber use 
As we mentioned, bamboo material could be used in a lot of places and ways, it is 
playing a very interesting roll which is the depth of its potential as one kind of 
renewable material in renewable energy aspect. At present, most of the people are 
focusing on the renewable energies, just like: solar energy, wind energy, hydropower 
and so on. They are well to be known and talked every day. But people often ignore 
the key point of these kinds of energy: transformation; actually, the energy application 
requires a tool to apply, for instance: windmill, it is a tool to change the energy from 
wind to electricity. The material of this tool is quite important for the whole energy 
development. Until now, the consumption of wind turbine is still increasing, even the 
wind turbine blades. But many materials of wind turbine blades are still non-
renewable; therefore, the impacts from the production of wind turbine blades are still 
need to be considered during the production chain and end of life. So the point is that 
could we find out the better materials for producing these blades without many 
impacts. Another point is the price (cost) of this kind of material, in some developing 
countries; the price will be the most important factors during the wind energy 
development, especially the wind turbine blades, some people used the cheap blades 
with low price and bad quality, but we all know that was not good enough. The blades 
will be broken one day. It can be obtained that bamboo has this potential ability to be 
the one of the most suitable material which can be considered into the project for 
approaching to our interests.  
The structure of current turbine blade 
The current turbine blade design is mainly tends to a sandwich structure. The reason 
of using a sandwich structure is because of this design could help rotor blade 
maximum avoid the external load from both wind and gravity; so that makes the 
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lifetime of a turbine blade could last approximately 20 years.13  
 
Figure 1.7: The figure shows a specific sandwich design of wind turbine blade. 14 
A sandwich structure wind turbine blade is consisted of 4 main typical parts; they are 
Wing shells, Main spar, Spar cap and internal webs / stiffeners. In here, we have to 
mention about Main Spar, for the reason of that the place to set the fiber materials, 
such as glass or carbon composite. In other word, if bamboo fiber is a kind of suitable 
material which could instead of glass fiber, then bamboo fiber will be set into main 
spar as well. What kind of property requirement will be? Can bamboo fiber reach a 
property requirement? In the following paragraph will be presented. 
The property requirements for turbine blade materials: 
Firstly, the equation for calculating the energy output should be introduced: 
P=αρAv3 15 
Where α is an aerodynamic efficiency constant, ρ is the density of the air which is 
also a constant in the same condition, A the area of the rotor-plane, and v is the wind 
velocity. Otherwise, the area of the rotor-plane A=πr2 where π is circumference ratio 
constant, r is the length of the turbine blades. The total energy output during the 
windmill turbine blades’ life time E=Pt where t is the life time of the turbine blades. 
Instead the A with πr2 and P with αρAv3, there will be a new equation for calculating 
the energy output during the life time of windmill turbine blades: 
                                                            E=αρπr2v3t 
It is easily seen from the equation that the energy output is based on the density ρ of 
the air, the length r the blades could be which is depended on the weight and strength 
of the material, the wind velocity v and the life time t which is depended on the 
                                                             
13
 All the information of turbine blade design is obtained from (Povl Brøndsted,2005) 
14
 Including the figure and content is obtained from (Ole Thybo Thomsen 2009) 
15
 Povl Brøndsted, 2005 p506 
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fatigue rate of the material.  
As we know that the external loads for rotor blades are most depend on the wind and 
gravity. So that to build a turbine blade is not a simple task; however, it requires 
reaching certain criteria. Actually, the materials used for making turbine blade need to 
reach a strict property requirement: high stiffness, low weight, and long fatigue life. 
 “high material stiffness is needed to maintain optimal aerodynamic performance, 
 low density is needed to reduce gravity forces, 
 Long-fatigue life is needed to reduce material degradation. “16 
 
Figure1.8: This figure presents the development in rotor blade weight versus length. 
Those points show the different manufactures which go through this curve. And from 
this figure we can find a fact which is most of manufactures is in the range from 10m 
to 40m.  
“An empirical curve is shown for the points representing blades with lengths below 
40m, giving a power law with an exponent of about 2.6; this is lower than expected 
for a simple up-scaling of the design on a volume basis (exponent 3), but it 
corresponds more closely to up-scaling of only two dimensions (length and thickness, 
exponent 2). This rather low exponent is a good indication of the high quality of the 
design process.”17 
As mentioned above, high stiffness, low weight, and long fatigue life is the most 
essential properties for select a wind turbine material, so that the formula below could 
give a general clue for those properties: 
                            Mb = E
1/2/ρ18 
                                                             
16
 Povl Brøndsted,2005 
17
 Both figure 1.9 and content is obtained from (Povl Brøndsted,2005) 
18
 Povl Brøndsted,2005 
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E is the material stiffness and ρ is the material density, Mb is the constant which has 
an upper line and lower line, so that it could form a range to select materials within 
the range area. And now we can show the figure of wind turbine materials analysis 
made by the scientists in Risø DTU.  
 
Figure 1.9: “This figure is showing stiffness versus density for all materials. The merit 
index for a beam Mb = E1/2/ρ is represented by sloping lines with Mb equal to 0.003 
(lower line) and 0.006 (upper line). The criterion for absolute stiffness E = 15GPa is 
indicated by the horizontal line”19  
From this figure we can see by the range of Mb equal to 0.003 (lower line) and 0.006 
(upper line), the most suitable materials are woods, composites and ceramics. By 
known the property requirements, next paragraph we can discuss whether bamboo 
fiber has those requirements or not.  
Bamboo fiber properties  
Bamboo as a new kind of material for making wind turbine blade, it has to reach 
                                                             
19
 Both figure and content is obtained from (Povl Brøndsted,2005) 
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certain requirements as mentioned above. Risø DTU known as Danish National 
Laboratory which is mainly making the research about wind energy and doing the test 
on different properties of wind turbine blade materials. The following figures are 
based from Risø DTU and it will show the bamboo properties on stiffness, strength 
and fracture toughness.  
 
Figure 1.10: This figure is the basic structure of a bamboo culm.20 
Bamboo has many culms, there is a variety between different culms on stiffness, 
strength and fracture toughness. The following figures show specific properties of 
bamboo. There is one thing need to be mentioned is the properties of a bamboo on 
inner and outer wall has a big difference, which is shown on the following figure:  
 
Figure 1.11: This figure shows the different bamboo properties between inside and 
                                                             
20
 Povl Brøndsted,2009 
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outside.21 
From this figure we can see that all of the three properties from outside is better than 
inside.  
 
Figure 1.12: This figure shows that with the non-dimensional radius growth, Young's 
modulus (E) is also growth in an exponential rate.22 
This figure indicate that n is the number of node as a test sample, so that means radius 
of a bamboo culm from 0.0 to 0.8, outside is always has the higher stiffness than 
inside. And the highest stiffness appears at node number 14 and 15.  
 
Figure 1.13: This figure shows that with the non-dimensional radius growth, tensile 
                                                             
21
 Povl Brøndsted,2009 
22
 Povl Brøndsted,2009 
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strength is also growth in an exponential rate.23 
This figure indicate that n is the number of node as a test sample, so that means radius 
of a bamboo culm from 0.0 to 0.8, outside is always has the higher strength than 
inside. And the highest strength appears at node number 14 and 15.  
 
 
Figure 1.14: This figure shows that with the culm number growing, Fracture 
toughness is basically in a growth trend. 24 
This figure shows that from culm number 0 to approximately culm number 35. The 
upper point is the outside fracture toughness, and the lower point shows the inside of a 
culm. Outside property is better than inside.  
Bamboo has certain properties which is rather good than some other materials, such as 
wood. However, does it suitable to be a kind of new material for making turbine blade, 
we have to consider it after a testing progress.  
Intro for bamboo wind turbine blades
25
 
Initially, Bamboo wind turbine blades were showed up in Global wind power 
conference 2008 Beijing; there was an organization of bamboo wind turbine blades 
which is called International Centre for Bamboo and Rattan (ICBR), this organization 
had been cooperated with RISØ DTU on the research of bamboo material in wind 
                                                             
23
 Povl Brøndsted,2009 
24
 Povl Brøndsted,2009 
25
 All the information of bamboo wind turbine blades are obtained from (John W. Holmes, 2008) 
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turbine blades. Both of them agreed that the bamboo turbine blade structure could be 
design as following:  
The structure of bamboo wind turbine blades will be showed:  
 
Figure 1.15: This figure shows a bamboo main spar.26 
In this figure, it shows that bamboo as a main spar in wind turbine blade, the first step 
is section from culm wall, this step is very particular about which part of culm wall is 
the suitable one for the classification of bamboo layers, in next step, it wrote class “A” 
layers, the following figure 3.2 will introduce what is that and why.  
 
Figure 1.1627 
Above the red line, the density of outside bamboo culm is relatively higher than inside, 
it will cause higher strength, and this part is the best for producing bamboo wind 
turbine blades. Then the layers need to be formed as curtain mats, actually, the 
purpose for forming curtain mats is that to let the bamboo curtain mat and poplar 
veneer stick together tightly without any gaps. Finally, it will be hot pressed laminate 
with glue by the machine. About the structure of blades, there is a clear comparison 
between bamboo and glass-fiber. 
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Figure 1.17: This figure shows the comparisons between bamboo and glass-fiber, left 
is transverse section of glass fiber and right is transverse section of bamboo fiber 28 
This figure shows that bamboo fiber has a similar inner structure as glass fiber. So that 
means bamboo fiber could be suitable for a turbine blade material as well.  
Mechanical Testing and Results
29
 
Since the International Centre for Bamboo and Rattan (ICBR) cooperated with RISØ 
DTU, they had done a series of tests within bamboo wind turbine blades. It includes 
monotonic tensile test, monotonic compression testing and so on. According to 
sustainable development presently, bamboo material is a topic worthy of in-depth 
study with the development of far-reaching significance.  
Monotonic Tensile Tests 
The tensile testing is worked by a machine which is called ASTM D3550-9030, and 
this testing had been applied to bamboo wind turbine blades for many times both with 
International Centre for Bamboo and Rattan (ICBR) and RISØ DTU. The test was 
used for four specimens who were selected from different regions of the panel. The 
information of tensile test which includes strength and modulus levels was obtained 
with some small differences. The ultimate strength ranged from 175 Mpa to 191 Mpa. 
The tangent modulus ranged from 20.5 Gpa to 23.0 Gpa with an average of 21.6 
Gpa31.  
Here is a figure shows that a comparison tensile between bamboo and glass fibre.  
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Figure 1.18: This figure shows the tensile comparison between glass epoxy and 
bamboo. 32 
 We can see glass fibre is actually has a bigger tensile rate than bamboo. However, we 
hope that the potential of bamboo-poplar laminates can also continue to be excavated 
by using thinner slices of bamboo linked to the outer culm wall, which will provide a 
higher density of bamboo fibre in the curtain mats. 
Monotonic Compression testing 
The compression test is worked by a machine which is called ISO 60433. In this test, 
the samples had been chosen for six specimens who were selected from different 
regions of the panel. The compressive strength ranged from 105 Mpa to 118Mpa. The 
compressive modulus ranged from 20.6 Gpa to 23.0 Gpa, with an average value of 
21.9 Gpa.34 
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Figure 1.19: This figure shows the compression test result of bamboo fiber 35 
We can get a result of average Modulus (GPa), Strength (MPa and the Strain). 
However, we are not able to get a raw date of compression of glass fiber, so that we 
could not make a comparison between them. The compression figure for the strength 
of glass fiber can be seen in table 1.21 while it varies between 105-118 Mpa for 
bamboo composite, it is 760 Mpa for glass fiber.  
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Monotonic Fatigue testing 
 
Figure 1.20: This figure shows that the fatigue rate between bamboo and glass fiber. 36 
Blue points indicate glass fiber; and the red points indicate bamboo. By this analysis 
we can see bamboo has a lower fatigue rate than glass fiber.  
The general properties comparison between bamboo-
poplar and glass-fibre 
 
Figure 1.21: This statistic of bamboo-poplar and glass-fibre’s data testing in 2009, 
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obviously, the properties of bamboo-poplar is lower than glass-fibre. 37 
 
 
 
Table: The price list between bamboo and glass-fiber 
 
 
 
 
 
Table 1.22: This table shows the price list between bamboo and glass fiber38 
From this table, the price of bamboo material is much lower than glass-fiber. But, in 
this section, the bamboo we talked about that is the raw material without any 
processing work and fee. Therefore, the real price of bamboo fiber needs to plus 
processing fees which is higher than 400RMB. 
 
By this comparison of bamboo fibre and glass fiber, we can see the big difference 
between them. Bamboo fiber is doable to fit the requirement; however, it is not the 
perfect choice. Then why we still want to apply bamboo fiber as a new material for 
making turbine blade in China? We will make a further discussion on our case study. 
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 This table is based on the websites: http://www.chinabamboonet.com/info/detail_4571_4.html and 
http://www.bmlink.com/market/message/default_138195.html . 
Raw material 
Bamboo 
Glass-fiber 4500-5200 RMB 
400 RMB 
Price/ton 
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Chapter 2: Sustainable development and Life 
Cycle Assessment 
Introduction: 
This chapter will give the conception and a detailed description of Sustainable 
development and life cycle Assessment (LCA). As the main theories in this project, 
Sustainable development and LCA will be applied for analyzing the case study of 
bamboo windmill turbine blades. Although windmill technology has been developed 
since last century and made a great progress, there are still environment impacts from 
the manufacturing process and disposal process. Bamboo, as a raw material, is widely 
used in Chinese manufacturing. But attempting to apply bamboo for producing 
windmill turbine blades is just started. It is necessary to analyze the sustainable 
development and life cycle of bamboo windmill turbine blades and the possibilities of 
the improvement during different processes. 
The basic concept of Sustainable development: 
Sustainable development and Life Cycle Assessment (LCA) will be the main theories 
for using in this project. Firstly, the definition of sustainable development will be 
present in the following: 
“Sustainable development is development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs. It contains 
within it two key concepts:  
 The concept of ‘needs’, in particular the essential needs of the world’s poor, to 
which overriding priority should be given; and 
 The idea of the limitations imposed by the state of technology and social 
organization on the environment’s ability to meet present and future needs.  
 
Thus the goals of economic and social development must be defined in terms of 
sustainability in all countries – developed and developing, market-oriented or 
centrally planned.”39 
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In fact, it is exactly correct; there should be a big different of ‘needs’ between 
developed and developing countries. In the current situation, China could not make 
wind power development ideally sustainable because of the immature development of 
technology, or rather incomplete regulation etc. however, wind power could instead of 
parts of natural gas or other resources, and it is actually still save the un-renewable 
resources; furthermore, wind power development could also bring the benefit for both 
local organization and government. In this case, China may focus on the economy 
benefit rather than other impacts as a sustainable development  
The importance of follow a sustainability development is because it might be the most 
efferent way to avoid the cost of deteriorating social, environmental, and economic 
system. In other hand, sustainability could be seen as a kind of new resources. It will 
contribute both in technology and management development (management here is 
basically included in urban development plan & strategy), so that it is also a good 
improvement for human civilization development. Sustainability development may 
help to change directly or indirectly with those aspects: Global climate change, 
Habitat destruction, species extinction, and loss of biological diversity, Stratospheric 
ozone depletion, etc.40 (for further exemplum please refer to Sustainability Assessment 
and Reporting for the University of Michigan's Ann Arbor Campus, Sandra I. 
Rodriguez, etc 2002 page 4) By those different aspects shown that to achieve 
sustainability development is necessary. (Sustainability Assessment and Reporting for 
the University of Michigan's Ann Arbor Campus, Sandra I. Rodriguez, etc 2002) 
To become sustainability should be considered three phases in the following which 
are Environmental, Economic and Social. However, to achieve sustainability is not a 
simple task, which also need the support from government and communities.  
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Figure 2.1: This figure shows the three spheres of sustainability.
In this figure we can clearly see the three spheres make sustainability happened. Each 
of the spheres has their own relationship between each others, so that makes 
everything connect together. 
In environmental sphere which include mostly are
 Natural resource use  
 Environmental management 
 Pollution prevention (air, water, land, waste)
In social sphere it normally takes in account are:
 Standard of living 
 Education  
 Community  
 Equal opportunity  
The last sphere is relevant to economic:
 Profit  
 Cost saving  
 Economic growth  
 Research & development 
Each of spheres has their own 
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perspective, however, when two of them combine 
 
 
 30 / 55 
 
which could create reciprocity between them. For instance, when social combine with 
environmental sphere then become a social-environmental phase, and in this phase the 
most discussion is about environmental justice, natural resources stewardship and 
locally & globally. Next is environmental-economic phase, in here, energy efficiency, 
subsidies / incentives for use of Natural Resources is the main points. The last 
combination is economic –social phase, the main inclusive factors are business ethics, 
fair trade and worker’s right.  
Discussion of sustainable development use: 
This theory we are going to apply to analyze for bamboo material in our project. 
Bamboo as a new kind of material which used for making turbine blade is worth 
trying for China. However, how do we make it sustainable is still a puzzle mark, so 
that we try to make a analysis for bamboo material application in turbine blade and go 
through all those three spheres with screening the suitable aspect, and find out the 
potential value for China to develop this new technology.  
The basic concept of LCA: 
“Environmental life cycle assessment (LCA) is the calculation and evaluation of the 
environmental impacts associated with the life cycle of products, material or 
service”42. All the products have their own life cycle, from being produced by raw 
materials with energy, produced as final products, transported or implemented, and at 
last disposed of. Every different phases of a certain products’ life cycle may have 
potential environmental impacts which can be defined and improved by using LCA.  
Normally, LCA has its own technical framework and it is divided into four phases: 
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Figure 2.2: This figure shows the technical framework for LCA. 43 
There are four phases pointed to the goal and scope. Otherwise, with the development 
of LCA, phase four of improvement assessment is always combined with impact 
assessment and instead by interpretation. An integrated LCA framework is constituted 
by goal and scope, inventory analysis, impact assessment and improvement 
assessment and interpretation, and every phase has its own methods for analysis. 
Scope and Goal: 
Scope and goal is always the first phase of LCA. During this phase, the main task is to 
point out the purpose of making the research of LCA which could be: 
Comparative: to compare two or more different products fulfilling the same function 
with the purpose of using the information in marketing of the products or regulating 
the use of the products.44 
Improvements in existing products: to identify improvement possibilities in further 
development of existing products or in innovation and design of new products.45 
Eco-labeling: to identify areas, steps etc. in the life cycle of a product where criteria 
can be set up as part of the eco-labeling criteria to be used by e.g. the eco-labeling 
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board.46  
On the other hand, the function unit must be described which includes the efficiency 
of the product, the durability of the product and the performance quality standard. In 
the project, comparative part will be the major between bamboo and glass-fiber wind 
turbine blades.  
Life Cycle Inventory Analysis: 
Inventory analysis is the second phase of LCA, and in this phase the most important 
thing is to make a flow sheet of the whole producing process. The main issues of 
inventory analysis include: 
• Data collection 
• Refining system boundaries 
• Calculation 
• Validation of data 
• Relating data to the specific system 
• Allocation47 
A simple flow sheet is always like this: 
 
Figure 2.3: This is a simple flow sheet of the inventory analysis. 48 
This figure still can be improved by adding the materials, energy and waste from 
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every step. And the arrows always associated with transportation.  
 
Inventory analysis is the key step of doing a whole life cycle assessment. With the 
flow sheet, the production chain is obvious. All the data related to the product will be 
described in this phase and also the way to calculate or make a comparison need to be 
described clearly.  
Impact Assessment  
Impact assessment is the third phase of life cycle assessment which contains 
following issues49: 
• Category definition: The aim of this section is to provide guidance for selecting 
and defining the environmental categories. 
• Classification: The classification element aims to assign inventory input and output 
data to categories. 
• Characterization: The characterization of characterization is to model categories 
in terms of indicators, and, if possible, to provide a basis for the aggregation of the 
inventory input and output within the categories. 
• Valuation/weighting: Weighting aims to rank, weight, or, possible, aggregate the 
results of different life cycle impact assessment categories in order to arrive at the 
relative importance of these different results. 
Impact assessment is always related to the scope and goal phase and based on the 
inventory analysis phase. From researching each step of the flow sheet in inventory 
analysis phase, there could be different kinds of impacts from the production chain, 
not only the environment impacts, but also the social impacts and economical impacts. 
All of the aspects should be concerned and analyzed.  
Interpretation: 
As the fourth phase of life cycle, interpretation contains the following main issues50: 
• Identification of significant environmental issues: The objective of this step is to 
structure the information from the inventory analysis and - if additionally conducted - 
from the life cycle impact assessment phase in order to determine the significant 
environmental issues in accordance with the goal and scope definition. 
• Evaluation: The objective of this step is to establish confidence in the result of the 
study, based on the preceding LCA phases, and on the significant environmental 
                                                             
49
 ISO 1997c 
50
 ISO 1997d 
 34 / 55 
 
issues identified in the first step of the interpretation. The results should be presented 
in such a form as to give the commissioner or any interested party a clear and 
understandable view of the outcome of the study. 
• Conclusions and recommendations: The aim of this third step of the interpretation 
is to reach conclusions and recommendations for the report of the LCA study or life 
cycle inventory study. 
Interpretation is always related to the scope and goal. It is important to get a critical 
review of the whole life cycle assessment of a certain product or producing system 
associated with the purpose of doing such assessment.  
Discussion of Life Cycle Analysis use 
The reason why we choose Life Cycle Analysis is that the wind power is not widely 
used as a critical renewable energy resource in China at present, maybe it is because 
of the price of all the equipments are very high, the buyers might be considering the 
other energy which is not renewable in developing country, it is just a normal 
behavior at present. Especially the price of wind turbine blades, some of these blades 
really cost a lot; one piece of blade might cost over one million RMB. The some 
relevant energy companies cannot accept this price. So one of the wind turbine issues 
is how to reduce the cost of producing wind turbine blades by researching and using 
some special raw materials. 
The technical of Bamboo wind turbine blades are not very mature right now, it might 
be containing some kind of weakness and disadvantages during the process. So we 
could enter on the process first, identify and analyze the process, which is the way 
Life Cycle Analysis usually does. To find out the solutions of problems from the 
procedure of production is not quite easy, we need some kind of theory which can 
help us to do it step by step. Life Cycle Analysis has a classic frame which could lead 
us to move on. After that, we also need to focus on the improvement of Bamboo wind 
turbine blades; the cost of bamboo is much lower than glass fiber as the raw material 
for making wind turbine blades, so the improvement of Bamboo wind turbine blades 
could be another important issue that can instead of the previous materials to be 
become the newest renewable energy resource for making wind turbine blades. Life 
Cycle Analysis will also be an important tool for the improvement of Bamboo wind 
turbine blades in further development. So that is why we want to apply Life Cycle 
assessment to analyze the Bamboo wind turbine blades. Using LCA might be one of 
the most suitable methods in this specific theme. 
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Chapter 3: Application in bamboo wind 
turbine blades 
Life cycle assessment of materials for windmill turbine 
blades-a comparison between bamboo and glass fiber: 
Renewable energy has become a trend, especially the wind power. There is no doubt 
the wind power produces electrical energy from the kinetic energy of the wind without 
directly producing any pollution or emissions during the conversion process, but this 
does not means that it is free of contamination or carbon dioxide emissions51. In other 
words, it is still necessary to consider about the impacts and pollutions during the 
production process of wind turbine. In details, the main point is focused on the 
windmill turbine blades. Furthermore, the most interesting thing is that the traditional 
raw material could be instead of by other renewable materials in some specific 
conditions. For instance, the first wooden blades was desired and manufactured in the 
1980s in UK.  
Life cycle assessment is “a process to evaluate the environmental burdens associated 
with a product system, or activity by identifying and quantitatively describing the 
energy and materials used, and wastes released to the environment and to assess the 
impacts of those energy and material uses and releases to the environment”52. This 
section will use the life cycle assessment to analyze the potential environmental 
impacts from manufacturing the windmill turbine blades with bamboo as well as glass 
fiber.  
Scope and Goal: 
The goal of the LCA study is to assess the environmental impacts from using the two 
different raw materials, bamboo and glass fiber, for producing windmill turbine 
blades. This LCA study will focus on the inventory analysis and concentrate to the 
comparison between two different materials. The aim of doing this comparison is to 
find out which material, bamboo or glass fiber, is more suitable for the long-term 
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sustainable development. Furthermore, because of lack of data about several issues as 
the structure of glass fiber, we decided to make a qualitative assessment which means 
that we will focus on the analysis of the production chain of two different materials 
with a systematic point of view. Every step of the production chain will be compared 
and analyzed.  
The function unit for this LCA was the energy (GJ) input from producing windmill 
turbine blades and output from implementing the windmill turbine blades during the 
life time of two different materials.  
On the other hand, the key assumption should be mentioned in the very beginning. All 
of the assumptions are according to the equation: 
                                                 E=αρπr2v3t 
Where α is an aerodynamic efficiency constant, ρ is the density of the air which is 
also a constant in the same condition, π is circumference ratio constant, r is the length 
of the turbine blades, v is the wind velocity and t is the life time of the turbine blades.  
In order to make a qualitative assessment, the comparison should be made under a 
uniform situation, which means that both the air density ρ and wind velocity v are in 
the same condition when implement the windmill turbine blades produced by bamboo 
as well as glass fiber. So the only factors which can influence the result are the life 
time of the materials and the length of the blades could be.  
Furthermore, the environmental effects like the use of land, radiation and noise are 
excluded. Also the consumption of human labour is not concern in this LCA studies.  
Inventory analysis: 
Inventory analysis is the most important step for comparing the windmill turbine 
blades produced by two different raw materials. The data collection is the key issue 
for analyzing the advantages and disadvantages of using different materials for 
producing windmill turbine blades. The flow sheet will be used for analyzing the 
environmental impacts from different steps of producing the windmill turbine blades. 
The comparison between bamboo turbine blades and glass fiber turbine blades will be 
analyzed step by step with the different progress.  
Flow sheet: 
A flow sheet can make the production chain of a certain product more clearly. The 
following two figures show the production chain of two different kinds of windmill 
turbine blades: 
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Figure 3.1: This is the production chain of producing the bamboo windmill turbine 
blades. 53 
 The thick arrow represents the transportation. This figure also shows the three recycle 
way at the end of bamboo windmill turbine blades’ life. For the environmental aspects, 
bamboo windmill turbine blades could “improve the recyclability, 100% of scrap can 
be used to produce other products, and bamboo forests don’t compete with land used 
for food sources”54.  
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Figure 3.2: This figure shows the production chain of producing a glass fiber 
windmill turbine blades. 55 
The thick arrow represents the transportation. There are three ways to recycle glass 
fiber windmill turbine blades which are landfill, incineration and recycling. For most 
of the countries, landfill with glass fiber is forbidden because of the high organics 
content (30%)56. Incineration is the most popular way for deal with the scrap of glass 
fiber windmill turbine blades. The heat from incineration is used to create the 
electricity or applied for the heating system. However, 60% of the scrap is left behind 
as ash after incineration 57 which could be a pollutant. Recycling for glass fiber 
windmill turbine blades is inefficient. “Only 30% of fiber reinforced plastic waste can 
be reused to form new ones, with most going to the cement industry as filler 
materials”58. 
The main differences between the production chain of bamboo blades and glass fiber 
blades are the resources of two turbine blades system and the end of life. The scraps 
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of bamboo blades could be recycled 100% while glass fiber can’t. Otherwise, the 
composite materials of bamboo blades are all ecological materials which have little 
impacts to environment.  
The comparison between bamboo turbine blades and glass 
fiber turbine blades: 
As it is mentioned at the beginning, the comparison between bamboo blades and glass 
fiber blades will be analyzed step by step with the different progresses of the 
production chain. Although both of the materials are fulfilled the requirement of 
constructing the windmill turbine blades, which one will performed better with the 
sustainable perspective? 
The raw materials: 
Bamboo has a lower weight than the glass fiber which will cause less noise and cost 
less investment from transportation. Otherwise, bamboo as a plant can absorb CO2 
emission with photosynthesis while glass fiber can’t. “The root rhizomes of bamboo 
are excellent soil binders and prevent erosion”.59 Furthermore, planting bamboo only 
needs 4-7 years until it can be used.60 But a bamboo windmill turbine blades’ life time 
could be much longer than the time it required for growing up. On the other hand, 
bamboo can be used directly but glass needs to be constructed before using which will 
cause more energy consumption and pollutant than bamboo.  
Production process: 
The production processes of both bamboo turbine blades and glass fiber turbine 
blades are almost the same. Both of them will be built as the sandwich panel. The 
important thing is the waste and emissions caused during the production progress.  
The waste from constructing bamboo turbine blades could be used directly for 
producing other products. But the waste from constructing glass fiber turbine blades 
needs to be transport to the glass company and reused before reforming. Also some 
glass scraps can be incinerated and the heat could be used to create the electricity or 
applied for the heating system which will cause extra emissions and impact the 
environment. All the possible emissions caused during the production chain are 
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considered, and here is an old data which compared the emissions caused by the 
standard turbine blades system APX 33L(glass fiber-epoxy) and new theoretical 
wood-epoxy blade system TIMBER from the article ”Life cycle assessment of 
different windmill turbine blade materials61” in 1999. 
 
 
Figure 3.3: This figure shows the different emissions caused by the production 
procedures from both APX 33L and TIMBER62.  
The emissions caused by producing APX 33L are assumed as 100%. The emissions 
are comprised by CO2 (Carbon dioxide), SOx (Sulphur oxides), NOx (Nitrogen 
oxides), NMVOC (Non methane volatile organic compounds), CH4 (Methane), TSP 
(Total suspended particles), Energy (Total primary energy consumption). 
It is easily seen from the figure that most of the emissions caused by producing 
TIMBER are less that APX 33L except NMVOC which comes from the wood 
materials drying process. Until now, the technology of producing windmill turbine 
blades has been integrated, the emissions caused by both systems should be decreased, 
but it is for sure that bamboo as a ecological material and has better properties than 
normal wood which will cause much less emissions than glass fiber. 
Energy output: 
After constructing the turbine blades, the energy output could be compared and 
analyzed according to the equation E=αρπr2v3t mentioned in the very beginning. By 
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assuming both of the bamboo blades and glass fiber blades are implemented in the 
same condition, the energy output will be influenced by two factors: the length of the 
turbine blades and the life time of the turbine blades. The length of the turbine blades 
is depended on the strength of the fiber. Based on the comparison between the 
properties of both bamboo and glass fiber, it shows that the strength of glass fiber is 
better than bamboo which means that the length of glass fiber blades could be 
constructed longer than bamboo blades theoretically. Here is an old comparison 
between the standard turbine blades system APX 33L (glass fiber-epoxy) and new 
theoretical wood-epoxy blade system TIMBER which is published in 1999.  
 Consumed energy    Produced energy 
 Primary energy (GJ)    Electricity (kWh) 
APX 33L 
TIMBER 
        53 
        46 
        860 
        400 
Table 3.4: This table shows both the primary energy consumption of producing the 
two kinds of windmill turbine blades and the energy produced by the systems. 63  
It is easily seen from the table that the primary energy consumption of APX 33L is 
more than TIMBER as well as the produced energy. 
With the development of the technology until now, the produced energy from both of 
the two systems could be even higher. However, the glass fiber turbine blades will 
produce more energy than the wood composites turbine blades. Although bamboo’s 
properties are better that the normal wood, the energy output is still limited by the 
lower strength than the glass fiber. On the other hand, the life time of glass fiber 
blades performs better than the bamboo blades which mean that the glass fiber turbine 
blades could be used longer than the bamboo turbine blades. According to this point 
of view, if the efficiency of energy output is required, glass fiber turbine blades will 
be a better choice than bamboo turbine blades. Even the glass fiber turbine blades will 
consume more energy and cost more investment according to the heavier weight than 
bamboo turbine blades, the energy output is seems more considerable.  
Disposal: 
On the other hand, the disposal progress of both bamboo turbine blades and glass 
fiber turbine blades should be analyzed. As it is mentioned in the flow sheet of both 
two production chains, bamboo turbine blades have a higher recyclability. Almost 100% 
of scrap from bamboo turbine blades can be used to produce other products, and 
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bamboo forests don’t compete with land used for food sources.64 But for glass fiber 
turbine blades, incineration is the most popular way for deal with the scrap of glass 
fiber turbine blades. The most of scrap will be burnt into ashes. The incineration 
progress may cause green house gas emission and the ashes could be pollutant to the 
environment, almost 60% of the scrap is left behind as ash after incineration65.  
 
Figure 3.566: This figure shows a windmill turbine blade before and after incineration. 
The heat from incineration is used to create the electricity or applied for the heating 
system, but the ashes are left behind which could be pollutant to environment. Also 
the incineration progress may have the hazard to the human health and safe. On the 
other hand, for most of the countries, landfill with glass fiber is forbidden according 
to the high organics content (30%).67  Recycling for glass fiber turbine blades is 
inefficient. “Only 30% of fiber reinforced plastic waste can be reused to form new 
ones, with most going to the cement industry as filler materials”68. 
 
From overview the steps above, it is easily seen that even the technology of producing 
windmill turbine blades is developed rapidly; there are still environmental impacts 
during the producing progress. The air pollution, climate change caused by green 
house gas emission, the hazard to human safe and health etc. However, relating to the 
scope and goal, after the comparison between windmill turbine blades produced by 
two different materials, it seems that bamboo windmill turbine blade perform better 
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than the glass-fiber blades and has more potential on sustainable development. The 
most worthy of concern is to the air emission, bamboo wind turbine blades only 
produce low air emission, at this point of view, and one of advantages has been 
manifested in the project, which means that bamboo is the better choice for 
environmental development. On the other hand, bamboo wind turbine blades’ price 
quality is also in a prominent position. Because the cost is much lower than glass-
fiber, in the meantime, it also can keep good quality. This is the way to supply some 
objects who cannot afford the price of glass-fiber wind turbine blades. 
 
Sustainable development in bamboo wind turbine 
blades
69
 
As it is mentioned in last chapter, there are three spheres in sustainability: 
Environmental, social and economic sphere. So the structure of this application will 
be introduced at first, to analyze the properties of bamboo wind turbine blades in each 
single sphere will be the first step. After that, it is going to think about three kinds of 
combinations:  Social-Environmental, environmental-economic and economic- social 
phase. In each phase, it has its own issue which is going to be discussed. Finally, in 
order to understand the full range of sustainable development in bamboo wind turbine 
blades, we will discuss the possibility of bamboo wind turbine blades which is 
achieved to sustainability, in other words, it is to identify the recently position of 
bamboo wind turbine blades and discuss the future development of bamboo wind 
turbine blades with sustainable perspective.  
Environment sphere in bamboo wind turbine blades 
Natural resource use: bamboo wind turbine blades are made of bamboo, poplar and 
some kind of glue. Actually, the resource of bamboo and poplar is quite rich.  “As the 
renewable material, there is 25% bamboo resource located in China”.70 In sum, the 
materials of bamboo wind turbine blades are abundance and almost come from natural, 
except the glue. So far, the researchers have already begun the study of glue, because 
the glue contains a number of toxic substances. So, bamboo wind turbine blades are 
basically conformed to the natural resource use.  
                                                             
69
 All the information of sustainable development in bamboo wind turbine blades is obtained from Povl Brøndsted, 
2008 ,Povl Brøndsted, 2009 and John W.Holmes, 2008 
70
 John W.Holmes,2008 
 44 / 55 
 
Environmental management: normally, the environmental impacts come up from two 
stages (during the whole production and dispose after finished using); first of all, 
according to the results from LCA in bamboo wind turbine blades, during the whole 
production, there is no doubt that it will produce some pollution with CO2 emission 
by using some kind of manufactured machines. But, in contrast, the CO2 emission 
from bamboo wind turbine blades is much lower than the glass-fiber. Another stage is 
dispose after finished using. Usually, there are three ways to dispose wind turbine 
blades: incineration, recycling and landfill, in fact, recycling is the best way for the 
environment, because it will not produce any pollution. If we use incineration and 
landfill, however, it will produce some energy. But it will still be considered by all the 
people that how to deal with the environmental impacts from the incineration and 
landfill.  Therefore, recycling is much more achieved to the choice. Fortunately, 
bamboo wind turbine blades can improve the recyclability, even it is composite 
material. Normally, the composite material cannot be separated; therefore the 
recycling potential is low. But bamboo wind turbine blades are a little special. 
Because of the bamboo’s properties, it can be manufactured into required bamboo-
fiber very easily and stick with poplar by using epoxy. There are only three 
components in bamboo composite material. This kind of composite material can 
diversify the recycling for other bamboo products, even the rest scrap of bamboo. It 
must cause much loss of scrap from the raw material in gathering the raw materials, 
processing of raw materials and manufacturing of bamboo wind turbine blades, when 
the whole production chain is running, so, in details, the production of bamboo wind 
turbine blades can minimize the loss and environmental impacts.  
Pollution prevention: the first thing to say is that glue problem is still need to be 
considered. As we motioned in Methodology, we obtained some information about 
glue from Povl Brøndsted’s interview: “presently, in China they are using Epoxy resin; 
the vision is to use biobased resin”71. “The most common effects of overexposure to 
the chemicals used in epoxy resin systems are eye, nose, throat, and skin irritation, 
skin allergies, and asthma. Chemicals in some epoxy resin systems have additional 
health effects”.72 According to this description of epoxy resin, it really does influence 
on the human’s health. It will directly bring out people will be against with this epoxy 
used in bamboo wind turbine blades. The consequence might be that the social sphere 
will be not accepted with epoxy. The conflicts really exist both in environmental and 
social sphere. So it is necessary to enhance the protection of measures during the 
manufacture. This is only one hand in human’s health. On the other hand, a solution 
of glue problem needs to be figured out. The biobased resin will be the new glue 
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which will not damage somebody’s health.  Another thing is about the CO2 emission, 
in fact, bamboo wind turbine blades will not cause much CO2 and it will be a very 
favorable condition in social and economic sphere.  
Social sphere in bamboo wind turbine blades 
Standard of living: a long time ago, people usually consumed energy from 
incineration. The materials they used are non-renewable resources. With the 
development of society, the peoples’ standard of living is improved.  People start to 
focus on the renewable energy. So, new products and technologies are showing up 
very fast. As a motivation, standard of living acts as a very important role in bamboo 
wind energy development.  
Education: all the people should know more about why we are using renewable 
energy. It will directly influence this and next generations’ sustainable perspective. 
Actually, we are getting education when this project is started. To know more about 
bamboo, wind turbine blades and bamboo wind turbine blades are necessary to be 
accepted. This is one very important way to make better development of energy use 
and global issues. 
Job creation: from a social point of view, if bamboos wind turbine blades’ production 
chain can be implemented, more and more people are hopefully to find a job from it 
because of a regional perspective is much easy to build wind blades’ production chain 
in rural areas which is nearby the source of the bamboo raw material. From an 
economic point of view, it will boost the development of bamboo wind turbine blades. 
Economic sphere in bamboo wind turbine blades 
Profit and cost saving: There is one point, one of the properties of bamboo material is 
weight, it is much lighter than the traditional materials just like glass-fiber, so the fee 
of transportation will be reduced, and then it could save a lot of money and produced 
less CO2 emission. According to the requirement of bamboo wind turbine blades, the 
quality of wind turbine blades is based on the weight and strength. Bamboo blades 
contain the light weight and good quality. From the performance price ratio, it might 
be very popular in developing countries.   
Another point is that the construction waste and the dismantling, normally for the 
traditional materials, some part of the blades will be recycled (glass-fiber), about the 
rest of the glass-fiber materials which cannot be recycled and others (plastic) will 
belong to the incineration and landfill. It is obviously the bad impacts (environmental, 
economic and social), in environmental aspect, it will make pollutions by landfill and 
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incineration, in economic aspect; it will be a great loss if we cannot recycle all these 
staff at all. Also in social aspect, the people cannot accept this pollutions, in other 
words, this behavior will lose the support from the people. But in bamboo wind 
turbine blades’ production chain, you will see the real sustainable materials in it and it 
could be totally recycled both good and bad bamboo materials, the good materials 
could transport to the other factory which can produce daily products or we can use 
them to feed on the bamboo plant as nature fertilizers. 
Economic growth: bamboo wind turbine blades definitely have the ability to be 
applied in developing country, at present, wind power is developing very fast, but in 
fact, there are some negative impacts, “everybody is going to make windmills, even 
the fan maker73”. The good thing is wind energy is getting more attentions from the 
people, but the bad thing how to develop it in the right way. Some people are trying to 
produce the windmill with poor materials, we all know the consequence if somebody 
want to use bad and poor materials. The blades based on bamboo materials are high 
technology. Due to the cost of bamboo materials is much lower than the traditional 
materials.  So the bamboo wind turbine blades are quite suitable for the developing 
countries. We are bold inferred that it will be the good choice to use bamboo materials 
to produce wind turbine blades and it will expand the market, thereby, it will make 
economic growth. Especially in China, as we mentioned before, there are many 
resources in some places, if they can be mostly applied and developed, which means 
that this move will boost the economic development. On the other hand, the 
technology of wind energy in China is still developing, in blades’ aspect; it really 
needs a suitable material for supporting the development of wind energy.  
Research and development: until now, bamboo wind turbine blades only experience a 
short period of development. It starts to be developed in Global wind power 
conference 2008 Beijing; there was an organization of bamboo wind turbine blades 
which is called International Centre for Bamboo and Rattan (ICBR), this organization 
had been cooperated with RISØ DTU in Denmark on the research of bamboo material 
in wind turbine blades. In the near future, there two organizations are going to mainly 
focus on: “bamboo composites, adhesive bonding, and blade design, establish 
collaboration with blade manufacturers and wind energy companies”.74 
Social-Environmental aspect in bamboo wind turbine blades 
Environmental justice: because the production of bamboo wind turbine blades will 
cause very low CO2 emission and low environmental impacts, the people can readily 
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accept this technology that let it favorably build up. But it is still necessary to carry on 
the factors which will be influenced to the social aspect. If social aspect refuses this 
technology, there is nothing to do then, even this technology is perfect.  This is very 
important. At present, people attached great importance to the environmental impacts, 
if someone or something excessively produces the environmental impacts, it will be 
justice very strict by some relevant departments. Another point is the environmental 
responsibility, in this whole production chain, each affiliated company should take 
responsibility to the environmental impacts in local. On the other hand, bamboo 
turbine blades as a new development require a tool which could analyze the impacts 
before the environmental justice. For example, the Environmental impact assessment 
(EIA), “is a very important procedure for ensuring that the likely effects of new 
development on the environment are fully understood and taken into account before 
the development is allowed to go ahead”.75 In our basically understanding, EIA is a 
tool which could help us to identify, predict, analyze and evaluate the consequences 
from the new development.EIA is not only involved in environment aspect. In this 
theory, the environmental impact means a lot, actually, in physical, ecological, public 
and social aspects are also called environmental impacts. After EIA analysis, it could 
provide a help or warning which could let development of bamboo wind turbine 
blades avoid unnecessary environmental justice.  
Natural resources stewardship: in current situation, bamboo wind turbine blades are 
still tested. But it is good to think about how to distribute the bamboo resources, at the 
beginning, the relevant companies need to work together with local government and 
agency for the promotion of bamboo wind turbine blades. After mature development 
of bamboo wind turbine blades, the risk will be the shortage of resource consumption 
is possible to be happened and against to the other bamboo product companies. It will 
be formed as a vicious circle development of bamboo companies. In other words, it is 
called as over-exploitations. First of all, this risk is going to damage the environment 
in environmental aspect, it is going to be the conflict with the use of land which could 
be used for food or fertilizer; on the other hand, it will damage the economic 
development of bamboo resource use. Therefore, due to these two factors, it will 
indirectly influence on the social aspect. Consequently, it will cause another problem: 
the censure from society. Because the support and oppose from society is based on 
both environment and economics. As inferred, if bamboo wind turbine blades are 
going to developing a certain place where is nearby bamboo resource, it is necessary 
to deal with this risk. So the local government or relevant agency must formulate 
some policies which could be limited to the relevant companies and try to find out 
how to keep balance of resource consumption in a healthy developed way. Actually, 
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this action is the relationship between the companies and government. For this 
problem, it’s better to make deal between companies and government; otherwise, this 
risk will cause a not-insignificant impact.  
Environmental-economic aspect in bamboo wind turbine 
blades
76
 
Energy efficiency: at present, according to data which we have collected (detailed 
data will be introduced in life cycle assessment), properties of bamboo wind turbine 
blades have already showed up with significant results. Considered to the energy life 
time of wind turbine blades, glass-fiber and carbon wind turbine blades can supply 
than bamboo wind turbine blades. But, for the different development level, bamboo 
wind turbine blades are much welcomed in developing countries.  
Subsidies/ incentives for use of natural resources: the relevant companies need to pay 
attention into the natural resources for the maintenance.  
Economic- social aspect in bamboo wind turbine blades 
Business ethics: business ethics is a very important aspect in Economic-social aspect 
in bamboo wind turbine blades. Usually, a company is based on the social support. If 
the company only wants to own the money and without doing nothing on 
contributions and obligations between social and economic aspect, it will not get 
support from the people, including the bamboo wind turbine blades’ production chain. 
Each company which is related to the production chain, it must follow the business 
ethics. According to the Corporate Social responsibility (CSR), each company should 
take responsibility to the relevant impacts. Nowadays, most companies are getting to 
know this responsibility and try to do it very carefully, also the bamboo’s companies. 
Anyhow, if any companies who are not going to take the responsibility, it will never 
get supply from the people and government.  
Workers right: every worker owns a right which can protect them during the working 
time. Normally, there are some risks which are going damage human’s health during 
the  bamboo wind turbine blades’ production chain, especially the use of glue  The 
component of glue contains toxicity, it is very easy to damage human’s health, 
especially the works of bamboo wind turbine blades. So, it is necessary to enhance the 
protection during the working process. When work staffs is injured or feel unwell, 
                                                             
76
 All the information of bamboo wind turbine blades are obtained from (Povl Brøndsted, 2009) 
 49 / 55 
 
they must be timely treated in nearby hospitals.  
Employment opportunities: as a technology, bamboo wind turbine blades are going to 
initiate employment opportunities for those people who are looking for a job and 
jobless.  On the other hand, the new market of bamboo wind turbine blades is going to 
boost the economic development.  
Sustainability in bamboo wind turbine blades 
After that analysis, it seems that bamboo is going to approach to the sustainability, 
which is obviously to see from the application of sustainable development in bamboo 
wind turbine blades.  At present, bamboo wind turbine blades are just in a start-up 
phase. The potential values of bamboo wind turbine blades are being constantly 
digging out. But, they are not all the people who can realize the potential values from 
bamboo wind turbine blades. In fact, it is related to the sustainable perspective, 
whether people can realize or not. Only if is going to continually get knowledge from 
all spheres, it can help people to increase the knowledge content of sustainability in 
bamboo wind turbine blades.  
In China, due to the special circumstances, the competition in the relevant industries 
is very fierce. So the problem is coming: is the development of bamboo wind turbine 
blades suitable to Chinese domestic competition? It will be a very important topic at 
that time. For this reason, it is necessary to discuss this topic in discussion of the 
project. Anyway, it is worth to do that in the case of full knowledge with bamboo 
wind turbine blades. Bamboo as a potential material used for wind turbine blades, lots 
of people are getting interesting by hearing that. By the following analysis, it is a 
chance to show the potential values to all the people. 
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Discussion: 
Through the analysis of bamboo material and using LCA for assessing the bamboo 
windmill turbine blades with sustainable perspective, we understood that requirements 
of constructing a windmill turbine blade, the impacts from the production chain and 
the importance of developing such system with sustainable perspective. After doing 
the comparison between bamboo turbine blades and glass fiber turbine blades, the 
result shows that both materials have their own advantages and disadvantages. If the 
efficiency of energy output is required, glass fiber turbine blades will be a better 
choice while bamboo turbine blades fulfilled the requirement of long-term sustainable 
development and have potential strength. 
Development direction 
 
Figure 4.1: This figure is based on our knowledge about bamboo wind turbine blades 
compare with glass-fiber turbine blades. 77 
At the beginning, the left-most box means the energy input or the cost of material. 
The middle box means the energy output of wind turbine blades’ life time. The right-
most box means the recyclability of energy input. Initially, consider to the energy 
input, the bamboo turbine blades cost less than glass fiber turbine blades; actually, it is 
not like that easy to say bamboo material is better than glass-fiber because of the low 
cost. During the life time, bamboo wind turbine blades produce less energy than 
glass-fiber. This is the advantage of glass-fiber. In the last part, the recyclability of 
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bamboo wind turbine blades is better than glass-fiber. The situation now is that in 
some developed countries which have mature technology of windmill, they are better 
to prefer glass-fiber as raw material for windmill even it is expensive. Because, the 
glass-fiber provides much more energy output than bamboo, and much more stable 
with the mature technology. Bamboo also has some advantages which is much 
cheaper than glass-fiber with nice properties. In some developing countries, bamboo 
wind turbine blades are much welcome and it could boost the development of 
windmill technology in developing countries. At last, bamboo wind turbine blades 
have another advantage which is high recyclability. This point is much more achieved 
to the sustainable development and it is inherently materials from renewable resources. 
So, based on these reasons, we bold inferred that bamboo wind turbine blades are 
suitable for some developing countries which are nearby the bamboo resources. 
Glue problem 
In fact, glass fiber itself is still a good and efficiency material, but the mixture with 
other materials will lead the glass fiber turbine blades to a lower recyclability than the 
bamboo turbine blades. On the other hand, from the interview and the information 
obtained from the literature, we found that recycling 100% of the scraps from bamboo 
turbine blades should still be a challenge. However, the performance of the 
recyclability of bamboo turbine blades is absolutely better than glass fiber. Composite 
bamboo turbine blade is constructed by ecological material. Even the resin which is 
used for stick the bamboo with other materials is under developing. The vision is to 
use the bio-based resin to instead of the epoxy resin which will cause no impacts to 
the environment and no harm to human beings.  
Weakness of bamboo fiber on energy efficiency 
From the analysis above, bamboo fiber has certain limitation on its properties to 
compare with glass fiber. Whatever from the tensile, strength or modulus property, 
glass fiber has a much more preponderance than bamboo fiber. (Refer to Chapter one 
– Bamboo, paragraph of “Mechanical Testing and Results”) Also from the LCA on 
bamboo fiber, we can also see the difference on energy efficiency between bamboo 
fiber and glass fiber. (Refer to chapter three, “Case Study of Sustainable development 
and Life Cycle Assessment in Bamboo wind turbine blades”) Even bamboo fiber has 
the great potential; it might not be suitable for a developed country such as Denmark. 
The reason for that is the country like Denmark which does not have a large land 
resources may prefer to use high energy efficiency technology, so that makes it fulfill 
better benefit for itself. China has a complete different precondition from Denmark or 
other countries, the land recourses in China is capacious, so that makes China may not 
need to reach such a high energy efficiency level dramatically. The high energy 
efficiency technology is also meant a high cost on material production and precision 
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machining of turbine blade. However, the bamboo fiber, as we know is not that kind 
of expensive than glass fiber. Still, bamboo fiber as a kind of new material has a long 
term to develop; the technology of cutting bamboo into small slice has also the great 
potential to be improved. If there is an improvement on this technology, we can still 
expect a high energy efficiency relay on bamboo fiber. We believe China and rest 
counties which have plenty of bamboo resources will continue doing researching stick 
on it.  
Threat on bamboo prospect of development in China  
Bamboo fiber has its own properties which are suitable to use as the material for 
making turbine blade. By the low cost of producing and rather low effect on 
environmental aspect, we believe that it will become the main material for turbine 
blade production. If this is become the truth, then it will raise a series of interrelated 
problem which we should consider it as a precondition. This promising material is 
based on bamboo plant for sure, then the bamboo resource is limited, we mean it is 
not unlimited of course. Then the problems will be, if bamboo fiber will be applied in 
China, it might be many some manufactory start producing bamboo fiber rather than 
other products, so that bamboo demands will increase in a large percentage in the 
market. The first point we worried about is the effects for rest bamboo production; in 
the previous chapter we have mentioned about a series of bamboo production, include 
bamboo matting, bamboo furniture and the rest productions of light industry. Then it 
will break the balance of the original market share, so that makes a shock to the 
companies or the factories which producing their own previous productions; the 
economy shock in this market share is the bad influence which we would not want to 
see. The second point we are worried about is the over-cutting on bamboo. China has 
the biggest bamboo resources rather than rests of countries, it remains like 25% of 
bamboo resource of the world, however, bamboo growth period is about 3-5 years, so 
that as long as the lumber is a systematic and planned, there should not be a big 
problem for that. However, since bamboo fiber is a new technology which is not 
applied widely, so that the correlative regulation maybe not accomplish yet. Under 
those two conditions, we suggest that if China would like to develop bamboo fiber, 
the utilization of bamboo resource should be consider in a systemic and sustainable 
way, which means the relevant regulation or law should be established at the same 
time, so that makes the utilization of bamboo resource start and develop in a rather 
stabled and sustainable condition.  
Opportunity of bamboo fiber development in China 
China is a developing country. As a developing country, to develop economy is the 
most essential target. Whereas the whole world is attaching importance to the 
environment gradually, China as the biggest developing country should make a 
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leading to all rests of developing countries. Bamboo fiber application can be seen as 
one of the performances for contributes to the environment. Bamboo as a plant which 
could absorb CO2 emission during its growth; which is the unique property glass fiber 
could never have. And the end of life, bamboo fiber could be re-use or recycle in a 
rather completed system; however, glass fiber cannot be totally recycled. According to 
those two impacts on environmental aspect, bamboo fiber has a rather potential 
development in China. It is not only because of the low cost of producing the raw 
material, but also bamboo fiber has the bigger contribution to the environment from a 
long term prospect.  
 
Conclusion: 
Bamboo is a new material for wind turbine blades during these two years. After 
analyzing its properties within help of life cycle assessment and sustainable 
development, we can promote to better understanding of bamboo wind mill blades. 
The following results are gained from the theory applications and analysis we have 
described in the project. 
1. The life cycle assessment is a tool which can analyze the environmental impacts 
from the whole production chain of bamboo wind turbine blades. After the 
comparison between bamboo fiber and glass-fiber, the environmental impacts of 
bamboo wind turbine blades are less than glass-fiber’ wind turbine blades. 
Especially in air emission (CO2 emission). On the other hand, indeed, bamboo 
wind turbine blades do have a problem in glue use.  Epoxy has some impacts on 
the environment, especially for human’s health. It still needs to be considered into 
the development of bamboo wind turbine blades.  
2. In sustainable development of bamboo wind turbine blades, the importance and 
analysis has been focused on the environment and economy. In our understanding, 
social sphere is based on the environmental and economic spheres. Combines all 
the aspects of sustainable development, using bamboo in wind turbine blades is 
more close to the sustainability. For those countries where are nearby the bamboo 
resource, it is a chance to utilize the bamboo resource in wind turbine blades, both 
good for the environment and economy.  
3. According to the analysis, the properties of bamboo can fulfill in the requirement 
of wind turbine blades. At present, it is only the beginning for development of 
bamboo wind turbine blades, this technology still can be improved in properties 
and efficiency research.  
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